Background Despite many publications reporting on the increased hospital cost of robotic-assisted surgery (RAS) compared to direct manual laparoscopic surgery (DMLS) and open surgery (OS), the reported health economic studies lack details on clinical outcome, precluding valid health technology assessment (HTA). Methods The present prospective study reports total cost analysis on 699 patients undergoing general surgical, gynecological and thoracic operations between 2011 and 2014 in the Italian Public Health Service, during which period eight major teaching hospitals treated the patients. The study compared total healthcare costs of RAS, DMLS and OS based on prospectively collected data on patient outcome in addition to healthcare costs incurred by the three approaches. Results The cost of RAS operations was significantly higher than that of OS and DMLS for both gynecological and thoracic operations (p \ 0.001). The study showed no significant difference in total costs between OS and DMLS. Total costs of general surgery RAS were significantly higher than those of OS (p \ 0.001), but not against DMLS general surgery. Indirect costs were significantly lower in RAS compared to both DMLS general surgery and OS gynecological surgery due to the shorter length of hospital stay of RAS approach (p \ 0.001). Additionally, in all specialties compared to OS, patients treated by RAS experienced a quicker recovery and significantly less pain during the hospitalization and after discharge. Conclusions The present HTA while confirming higher total healthcare costs for RAS operations identified significant clinical benefits which may justify the increased expenditure incurred by this approach.
laparoscopic operations. One of the barriers to widespread adoption of this technology is its high capital, running and maintenance costs [2] . Health technology assessment (HTA) is a multidisciplinary evaluation of the clinical, economical, organizational and ethical implications concerning the adoption of new technologies, designed to provide healthcare providers with the relevant information necessary for informed decisions [3] [4] [5] [6] . Although ideally performed when new and expensive technologies are first introduced, such an HTA has not been reported.
Materials and methods

Study design
The study enrolled patients from four regions (Lombardy, Piedmont, Tuscany and Lazio) by eight Italian major academic teaching hospitals during the period from February 2011 to May 2014 (details in appendix). The study as designed fulfilled all the required criteria of a HTA comparative study: prospectively collected non-randomized data on all consecutively enrolled patients, detailed analysis of costs of treatment from admission to 1 week after discharge, and evidence that clinical outcome was not demonstrably jeopardized by any of the three approaches used. The decision on the surgical approach was made by the attending physician in consultation with the patient. A case study form designed specifically for the collection of both clinical and health economic data was used. It comprised the following sections: enrollment/admission (T 0 ); first follow-up (T 1 ) 1 month after discharge; subsequent follow-ups (T 3 , T 4 , T 6 ) at 3, 4, 6 months. An additional form was used for data from patients needing re-intervention during hospitalization or re-admission within 30 days of discharge.
A Web-based ad hoc database was developed for data collection using EasyPHP to create dynamic Web pages for data access and analysis. Patients' confidentiality was by data anonymization using an alphanumeric univocal code. Each participating hospital identified a data manager, who accessed the data collection platform by username and password. Knowledge Discovery in Data process was implemented by different software and programming languages for automation of the data collection, extraction and analysis.
Clinical assessment
The T 0 stage included admission, operation, and postoperative course, including any postoperative re-intervention. It collected data on:
1. operating time (min) defined as interval between entry and exit of patient from the operative room (OR); 2. length of stay (days) including any re-admissions; 3. pain level diary by visual linear analogue scale from admission until 7 days post-discharge; 4. conversions classified as 'enforced' and 'elective,' using accepted definitions; 5. morbidity; 6. deaths including those following re-admission.
Assessment of health costs
Direct healthcare costs were obtained by interviews conducted with an official from the Accounting Department of the hospitals involved in the study. It included the hourly cost of all staff working in the OR, daily cost of stay in wards and intensive care units; purchase cost of disposables and devices; and retail price per unit dose of drugs used [7] . Costs of laboratory tests, instrumental investigations and specialist visits were based on National Tariffs List of Outpatient Specialist Care of the four regions [8] [9] [10] [11] .
Direct non-healthcare costs were estimated using the replacement value [12] and included data on patient's and care provider's expenditure on food, accommodation and transport. Indirect costs based on loss of productivity were calculated using the human capital approach [13] . Specifically, productivity losses were estimated from patient's hospital stay and expected income and employment. Currency conversions from Euros to US dollars (€1 = $1.112) were calculated as of May 21, 2015 (http://www.oanda.com/lang/it).
Statistical analysis
Pearson Chi-square and Fisher's exact tests were used to compare frequencies among groups. Continuous variables were analyzed by analysis of variance, or by nonparametric Kruskal-Wallis test depending on distribution of the data. Bonferroni post hoc tests or Mann-Whitney test with Bonferroni adjustment of p value was used for post hoc comparisons. Mixed-effects ML regression models for repeated measures were used to evaluate the level of pain during hospitalization and at home. Separated models were performed for each specialty. Variables with p value \0.001 on univariate analysis were included in the multivariate analysis. Statistical significance was set at 5 %.
Results
The study recruited 699 patients who underwent operations in general surgery (n = 310), gynecology (n = 175) and thoracic surgery (n = 214) ( Table 1) .
Socio-demographic details
Of the 310 patients who underwent general surgical operations, 161 (52 %) underwent RAS, 113 (36 %) DMLS and 36 (12 %) OS. The characteristics of the groups differed. Thus, patients treated by OS were more likely to be male (p \ 0.001).
Additionally, patients undergoing RAS were significantly younger (60 ± 15 years) with respect to DMLS (65 ± 14 years) and OS (72 ± 8 years) (p \ 0.001). The employment status of the patients also differed (p = 0.002): the majority of patients treated by OS were retired (78 %), while 37 % of the patients who underwent RAS were employed. The approach in patients undergoing gynecological operations was 95 (54 %) by RAS, 31 (18 %) by DMLS and 49 (28 %) by OS. The mean age varied significantly (p = 0.01), with those treated by OS being significantly younger (47 ± 11 years) than those operated by RAS (54 ± 13 years).
The approach in patients requiring thoracic surgery was 100 (47 %) by OS, 76 (36 %) by RAS and 38 (18 %) by DMLS. No significant differences among the groups were found in the gender distribution, but the mean age was significantly lower (p = 0.01) in the RAS group, 64 ± 11 years, compared to both the DMLS group (69 ± 7 years) and the OS group (67 ± 11). The employment status was different (p = 0.008) with the highest proportion of retired patients being in the DMLS (74 %), whereas patients treated by RAS were more likely to be employed (41 %).
Clinical results and outcome
In general surgery, the hospital stay was significantly shorter in the RAS compared with DMLS and OS (p \ 0.001). In gynecological surgery, the hospital stay was significantly shorter in the RAS versus OS (p \ 0.001), but not against DMLS. Likewise, the hospital stay after thoracic surgery was significantly shorter in RAS compared to the OS group (p \ 0.001), but not against DMLS. Additionally, in both gynecological and thoracic surgery, the hospital stay was significantly shorter after DMLS compared with OS (p \ 0.001). The operating time was significantly longer in both RAS general and thoracic surgery compared to OS and DMLS (p \ 0.001 and p = 0.03, respectively). In gynecological surgery, there were no significant differences in operating times between the groups (Table 2) .
Conversions, re-interventions and re-admissions
Total conversions during T 0 phase were 22: 10 in RAS and 12 in DMLS operations. In general surgery, the 18 conversions consisted of 6 in RAS (3 to DMLS, 3 to OS) and 12 in DMLS (12 to OS-10 elective and 2 enforced). In gynecology, there was one elective conversion from RAS to DMLS. In thoracic surgery, two out of three conversions to OS were enforced and the third, elective. One elective conversion occurred during a re-intervention in T 0 in RAS general surgery to OS (see Appendix Table A1 ).
Nine patients required re-intervention during T 0 phase: 5 in DMLS general surgery, 2 after RAS. Two other patients required re-intervention in thoracic surgery: 1 after OS and another after RAS (see Appendix Table A2 ).
Eight patients required re-admissions within 30 days of discharge from hospital: 4 in general surgery, of which 1 after RAS, 2 after DMLS and 1 after OS. The two readmissions in gynecology occurred after DMLS and OS. In thoracic surgery, two patients were re-admitted: 1 each after RAS and OS. These differences between the three approaches were not significant (see Appendix Table A3 ).
Intraoperative complications
These were encountered during 16 operations, being minor in 6 and major in 10. Minor complications occurred in general (1 DMLS and 2 RAS) and in thoracic surgery (all 3 OS). None altered the surgical treatment or subsequent clinical course. Major complications were encountered in all three specialties: 1 during RAS general surgery, 5 during gynecological operations (2 RAS and 3 OS) and 4 thoracic (2 RAS and 2 OS), again without significant differences between the groups (see Appendix Table A4 ).
Postoperative morbidity
Total postoperative morbidity comprised 17 minor and 35 major complications. The former were largely encountered in general surgery (4 after DMLS, 3 after OS and 6 after RAS), 1 after gynecological DMLS and 3 after open thoracic surgery. Major complications were encountered in general surgery (n = 19) and thoracic surgery (n = 16). The major complications after general surgery operations were encountered in 10 after RAS, 7 after DMLS and 2 after OS. The distribution of major complications after thoracic operations (9 after RAS, 6 after OS and 1 after DMLS) was similar (see Appendix Table A5 ).
There were 54 medical postoperative complications: 22 in general surgery (9 in RAS, 8 after DMLS and 5 after OS), 1 in gynecology after DMLS and 31 after thoracic surgery (18 after OS, 11 in RAS and 2 after DMLS). The incidence of medical complications was similar between the groups (see Appendix Table A6 ).
Clinical benefits documented by present study
The most significant benefit of RAS operations across the three specialties was the reduced pain after surgery compared to OS and DMLS (Table 3) .
Pain during hospitalization
In general surgery, patients treated by RAS experienced less pain compared to OS (p = 0.026), with the pain level being similar to that experienced by DMLS patients. On adjusting for length of stay, the pain level was significantly lower in gynecological RAS versus both DMLS (p = 0.032) and OS (p \ 0.001). On adjusting for pain after discharge, the pain level was significantly lower in thoracic RAS compared to DMLS (p = 0.002), but not against OS.
Pain after discharge
The pain level after discharge was significantly lower in general RAS patients compared to OS (p = 0.001), but not against DMLS. After gynecological RAS, patients experienced less pain compared to both DMLS (p = 0.027) and OS (p = 0.001). After thoracic RAS, the pain level was significantly lower compared to DMLS (p = 0.007), but not with patients after OS.
Almost all patients undergoing RAS and DMLS in general and gynecological surgery reported their ability for daily activities and exercises to be good, very good or excellent, significantly better than after OS (p = 0.001 and p \ 0.001, respectively). Hence, their quality of life was better during this post-discharge period.
Cost analysis
In the gynecological and thoracic specialties, the RAS approach incurred significantly higher direct healthcare costs compared to both DMLS and OS (p \ 0.001), while costs between OS and DMLS were similar. In general surgery, direct healthcare costs of RAS were higher than those of OS (p \ 0.001) but similar to those incurred by DMLS. General surgery performed by the open approach incurred higher direct healthcare costs compared to DMLS operations (p \ 0.001).
In general surgery, direct non-healthcare costs were similar between the three approaches, whereas in gynecology, the RAS approach incurred significantly higher costs compared to DMLS (p = 0.01). In thoracic surgery, direct non-healthcare costs were higher for DMLS compared to RAS (p = 0.003) and OS (p = 0.006).
The only significant differences in indirect costs were observed in general and gynecological surgery. In general surgery, RAS indirect costs were lower than those of DMLS (p \ 0.05), whereas in gynecology, RAS indirect costs were lower than those of OS (p \ 0.001).
Total costs of RAS were significantly higher than those of the two other approaches for gynecological and thoracic specialties (p \ 0.001), but total costs for both OS and DMLS operations were similar. In general surgery, total costs of RAS were higher compared to OS (p \ 0.001), but not against DMLS. Full details of the cost analysis data are shown in Table 4 . After adjusting for centers and/or patients characteristics for both direct healthcare costs and overall costs, the RAS approach incurred significantly higher costs (Table 5 ).
Discussion
As required by HTA, the present prospective comparative study collected data on clinical outcome in addition to health economic costs. The study was necessary as the HTA question: does RAS represent good value for money? has not been answered; especially as from the health providers' and societal perspectives, the issue is not simply that RAS is more expensive, but rather-is the extra cost of RAS justified by improved patient outcome? The present study answers, to a limited extent, the second question. Thus, while confirming higher direct healthcare costs (but not direct non-medical and indirect health costs), it documents that RAS reduces hospital stay and pain before and after discharge. The pain reported by patients after discharge associated with essential daily activities during the first week enhances the quality of life during this period. An additional benefit of RAS is reduced hospital stay with a trend toward accelerated recovery leading to less pain and improved quality of life during the first post-discharge week, ranging from good to excellent. The alleged benefit of RAS is based on retrospective studies and mixed systemic reviews/meta-analysis. It is not surprising that retrospective studies often produce conflicting results, due to the influence of uncontrolled variables. This is exemplified by distal pancreatectomy. In one study which compared DMLS with RAS for distal pancreatectomy for tumors, spleen-preserving RAS was Table 4 Costs associated with the different surgical approaches by specialty associated with significantly higher spleen preservation rates, shorter operating time, less blood loss and shorter mean hospital stay [14] . However, a similar but prospective non-randomized study did not report any significant difference. Depending on availability of robot, all patients suitable for distal pancreatectomy were assigned either to DMLS or to RAS DP. The median operative time was longer, and procedures cost was double in RAS group. Conversion to open and the median length of postoperative hospital stay were similar, as was pancreatic fistula rate (57 and 50 %) [15] . In colorectal surgery, a meta-analysis on RAS total mesorectal resection for rectal cancer compared DMLS-TME with RAS-TME. The latter exhibited significantly fewer conversions, lower positive circumferential resection margins, and erectile dysfunction [16] . Thus for this operation, RAS appears to carry clinical benefit over DMLS, despite increased cost.
Two publications in gynecology on health-related quality of life [17, 18] reported results in favor of RAS, which are in agreement with the results of the present prospective HTA study. The first [17] used a HRQoL questionnaire to study patient satisfaction in patients undergoing RAS hysterectomy for cancer. The HRQoL questionnaire was completed at the first postoperative visit in 109 patients. These reported the pain level as being highest on the second postoperative day, but two-thirds reported no pain by the first postoperative visit, and only 18 % of patients needed narcotics for pain control. Most patients resumed normal activities within 11 days after surgery and reported a satisfaction rating of 6.7 on a 7-point scale. The other report [18] studied the HRQoL in 211 patients also undergoing RAS resection of gynecologic cancer. The patients completed a QoL questionnaire before surgery and postoperatively at 1 and 3 weeks, and at 3, 6 and 12 months. Overall HRQoL and body image decreased at 1 week after surgery but returned to baseline by 3 weeks. Physical and functional well-being decreased at 1 week after surgery but returned to baseline by 3 months. Another study [19] compared the postoperative pain management and costs in endometrial cancer patients who underwent a RAS hysterectomy. In this study, RAS patients needed a lower number of drug interventions (p \ 0.001), with a 50 % reduction in the pain medication costs on the day of surgery (p \ 0.01), and a 56 % cost reduction for the rest of their hospital stay (p \ 0.01). The pain reduction demonstrated by this retrospective study is confirmed by the present prospective HTA study. A large statewide health economic study involving 2247 patients analyzed the utilization and hospital charges associated with RAS versus DMLS and OS treatment of endometrial cancer [20] . In this study, 29 % of patients were treated by RAS, 10 % by DMLS and 61 % by OS. The mean length of hospital stay was significantly shorter after RAS and DMLS compared to OS (p \ 0.001). The median hospital charge was $51,569, $37,202 and $36,492, for RS, LS and OS (p \ 0.001). A recent report in thoracic surgery is relevant to the present HTA study. The study was designed to determine a realistic medical fee for RAS thoracic surgery for the Japanese National Health Insurance System (JNHIS) introduced in 2012 [21] . It concluded that the projected cost to the JNHIS for RAS thoracic interventions would only be sustainable by institutions, which performed more than 300 RAS interventions per year.
In conclusion, the present HTA study indicates that the issue of increased costs of RAS is complex and multifactorial. RAS is likely to be cost beneficial in terms of reduced hospital stay, reduced pain and improved quality of life, provided certain conditions are met, including case load and case mix.
